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ABSTRACT 

Refr igerant-charged pass ive  s o l a r  domest ic  
hot  water  (SDHW) systems,  which have 
r e c e n t l y  become commercially a v a i l a b l e ,  a r e  
g e n e r a t i n g  g r e a t  i n t e r e s t  i n  the  s o l a r  com- 
munity. These sys tems,  which can be 
i n s t a l l e d  even i n  f r e e z i n g  c l i m a t e s ,  may 
ach ieve  t h e  high performance and r e l i a b i l i t y  
of d i r e c t  thermosyphon sys tems.  The S o l a r  
Energy Research I n s t i t u t e  (SERI) is  t e s t i n g  
and ana lyz ing  a  promising p ro to type  r e f r i g -  
erant-charged thermosyphon system ; SERI a l s o  
plans  to  e v a l u a t e  a  commercially a v a i l a b l e  
sys tem.  The p ro to type  w s  i ~ ~ s c i r l l e d  i a  a  
s ing le - f ami ly  r e s i d e n c e  us ing a  s t a b i l i z e d  
R-11 a s  the  hea t  t r a n s f e r  f l u i d .  A system 
a n a l y s i s  was performed based on measured 
d a t a .  Th i s  paper d i s c u s s e s  t h e  a n a l y s i s  
method and p re l imina ry  r e s u l t s ,  which i n d i -  
c a t e  t h a t  t h e r e  is  reason t o  be o p t i m i s t i c  
about t h i s  type of system. 

Refr igerant-charged p a s s i v e  SDHW systems,  
which have r e c e n t l y  become commercia l ly  
a v a i l a b l e ,  a r e  g e n e r a t i n g  g r e a t  i n t e r e s t  i n  
t h e  s o l a r  community. These sys tems may 
a t t a i n  t h e  h igh performance and r e l i a b i l i t y  
of d i r e c t  thermosyphon systems and can be 
o p e r a t e d  i n  a  f r e e z i n g  c l ima te .  Because 
they a r e  promising, SERI is beginning a  
t e s t i n g  and a n a l y s i s  program t h a t  i n c l u d e s  a  
p ro to type  r e f r i g e r a n t - c h a r g e d  thermosyphon 
system and a  commercia l ly-avai lable  system. 

' The p ro to type  system was des igned  and 
i n s t a l l e d  by the  owner i n  a  s ing le - f ami ly  
r e s i d e n c e  i n  Golden, Colorado,  i n  
May 1980. Th i s  paper d e s c r i b e s  the  system 
a n a l y s i s  and p r e s e n t s  some i n i t i a l  pe r fo r -  
mance r e s u l t s  f o r  t h e  p ro to type  system. 
More complete t e s t i n g  and a n a l y s i s  r e s u l t s  
of the  p ro to type  and the  commercially a v a i l -  
a b l e  system should  be a v a i l a b l e  i n  
October 1981. 

2. SYSTEn DESCRIPTION REVIEW 

Thc cyetem, i n s t a l l e d  a s  a r e t r o f i t  u s ing  

r e a d i l y  a v a i l a b l e  components and m a t e r i a l s ,  
is  d e s c r i b e d  i n  d e t a i l  i n  Ref. 1  and is  sum- 
marized h e r e  i n  Table  1. Figure  1 d e s c r i b e s  
t h e  system g r a p h i c a l l y ,  showing the  hea t  
exchanger i n  the  s t o r a g e  t ank  l o c a t e d  i n  t h e  
a t t i c  above t h e  c o l l e c t o r s .  The system 
i n c l u d e s  p res su re  and p r e s s u r e f t e m p e r a t u r e  
r e l i e f  v a l v e s ,  s h r a d e r  v a l v e s  f o r  r e f r i g e r -  
a n t  f i l l i n g  and d r a i n i n g ,  and a  s i g h t  g l a s s  
f o r  p e r i o d i c a l l y  checking the  l e v e l  of t h e  
r e f r i g e r a n t .  The system is connected t o  a n  
o l d e r ,  conven t iona l  gas  m t e r  h e a t e r  and can 
o p e r a t e  i n  so la r -on ly ,  s o l a r - p r e h e a t  , and 
gas-only modes. Large-diameter p ipe  is  used 
f o r  t he  manifolds  and r i s e r  p ipe  Is used t o  
f a c i l i t a t e  l i q u i d  r e f r i g e r a n t  c o l l e c t i o n  and 
r e f r i g e r a n t  vapor flow. 

For a e s t h e t i c  r e a s o n s ,  t h e  t i l t  and o r i e n t a -  
t i o n  of the  c o l l e c t o r s  a r e  the  same a s  t h o s e  
of t h e  e x i s t i n g  roof .  The low t i l t  ang le  of 
t h e  c o l l e c t o r s  w i l l  a f f e c t  t h e i r  o u t p u t  
a d v e r s e l y  du r ing  w i n t e r  months because  of 
r e f l e c t i v e  l o s s e s  r e s u l t i n g  from t h e  o b l i q u e  
a n g l e  of s o l a r  r a d i a t i o n  s t r i k i n g  the  co l -  
l e c t o r  g l a z i n g .  A d d i t i o n a l l y ,  t h e  c o l l e c -  
t o r s  i n  t h e  p ro to type  a r e  shaded i n  t h e  l a t e  
a f t e r n o o n s  and e a r l y  mornings of l a t e  f a l l  
by two deciduous  t r e e s .  

R-11 r e f r i g e r a n t  m s  s e l e c t e d  f o r  t he  proto-  
type  system because of its high l a t e n t  h e a t  
and low vapor p res su re .  Although o r d i n a r y  
R-11 . has  a  low thermal  s t a b i l i t y  compared 
with'R-114 and R-12, we a n t i c i p a t e  t h a t  t h e  
s t a b i l i z e d  R-11, used i n  t h e  p ro to type  sys-  
tem, w i l l  perform favorab ly .  Samples a r e  
p e r i o d i c a l l y  t e s t e d  by t h e  manufacturer  f o r  
s i g n s  of deg rada t ion .  

3. SIlSTEU OPERATION SUUUARY 

Like a  conven t iona l  s ingle-phase  thermosy- 
phon sys tem,  a  r e f r ige ran t - cha rged  thermosy- 
phon system o p e r a t e s  wi thout  pumps, e l ec -  
t r o n i c  c o n t r o l s ,  o r  so l eno id  va lves .  The 
l a t t e r  system i s  i n h e r e n t l y  p r o t e c t e d  from 
f r e e z i n g  s i n c e  most r e f r i g e r a n t s  f r e e z e  on ly  
a t  e x c e p t i o n a l l y  low t empera tu res .  System 
operat i 'on  is based on the  t r a n s f e r  of h e a t  
from w p o r i e o t i o n  of t h c  r e f r i g e r a n t  i n  t h c  
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C o l l e c t o r s  
Net Area 
Coat ing 

Glazing 

S e a l a n t  
Tubes 
Connect i o n s  
I n s u l a t i o n  
Con ta ine r  
P r e s s u r e  t e s t  

4.0 m 2  ( 43  f t 2 )  
Black chrome 

(a = - 9 5 ,  E = .08) 
Low-iron g l a s s  

(T = .89) 
High-T s i l i c o n e  
ACR copper  
S i l v e r  brazed 
102 mm ( 4  in . )  
Galvanized s t e e l  . 
2.07 MPa (300 p s i )  

f o r  one day 

Pip ing  
Mate r i a l  
Diameters 

Top manifold  
R i s e r  
Downcomer 
Bottom manifold 

S to rage  Tank 
Capac i ty  
Cons t ruc t  i o n  
Mounted 
I n s u l a t i o n  

ACR copper  

54.0 mm (2-118 i n . )  
28.6 mm (1-118 i n . )  
15.9 m (518 i n . )  
28.6 mm (1-118 i n . )  

303 L  (80 g a l )  
Gla s s - l ined  
H o r i z o n t a l l y  
F i b e r g l a s s ,  152 mm (6 i n . )  

T i l t  17' f r a n  h o r i z .  Heat Exchanger 
. O r i e n t a t i o n  15' e a s t  of t r u e  s o u t h  Type C o i l  i n  t ank  

M a t e r l a l  ACR copper t u b i n g  
R e f r i g e r a n t  Tnhing OD 12.7 nun ( 1 / 2  i n . )  
TY pe S t a b i l i z e d  R-11 , Tubing l e n g t h  18.3 m (60 f t )  

Fig. 1. System Configuration 
( marks thermocouple 

location) 

c o l l e c t o r .  ( t h e r e b y  removing hea t  from t h e  
c o l l e c t o r  a b s o r b e r )  and the  condensa t ion  of 
r e f r i g e r a n t  i n  t h e  s t o r a g e  hea t  exchanger  
( t h e r e b y  g i v i n g  up h e a t  t o  domest ic  
wa te r ) .  The r e f r i g e r a n t  c i r c u l a t e s  because  
of the  d e n s i r y  d i f f e r e n c e  between r e f  s i g e r -  
a n t  vapor i n  the  r i s e r  and condensed r e f r i g -  
e r a n t  l i q u i d  i n  the  downcomer, and t h i s  c i r -  
c u l a t i o n  is probably enhanced by t h e  pres-  
s u r e  c r e a t e d  i n  t h e  r e f r i g e r a n t  loop. The 
system is s e l f - r e g u l a t i n g  because p r e s s u r e  
i n  the  r e f r i g e r a n t  l i n e  du r ing  c o l l e c t i o n  is  
s e t  by and i n c r e a s e s  with s t o r a g e  tempera- 
t u r e .  Thus, e f f i c i e n c y  and r e f r i g e r a n t  c i r -  
c u l a t i n q  a r e  prnhahly g r e a t e s t  a t  c o n d i t i o n s  
of high s o l a r  r a d i a t i o n  and low s t o r a g e  
t empera tu res .  

4. SYSTEM ANALYSIS 

used.  The thermocouple ends = r e  t w i s t e d ,  
wrapped s e v e r a l  t imes  around t h e  p i p e s ,  and 
a t t a c h e d  wi th  aluminum tape  t o  t h e  p ipe ;  
t hen  t h e  e n t i r e  p ipe  was , i n s u l a t e d .  The 
thermocouples  a t t a c h e d  t o  t h e  t ank  were a l s o  
a f f i x e d  wi th  aluminum tape .  See Figs .  1  and 
2  f o r  t h e  thermocouple l o c a t i o n s .  

Our a n a l y s i s  is  concerned with t empera tu re  
t r e n d s  and d i f f e r e n c e s ;  hence,  t h e  a b s o l u t e  
r ead ing  of t h e  thermocouple is no t  c r i t i -  
c a l .  Temperatures  were measured and 
recorded every  t h i r t y  minutes  on a  d a t a  log-  
g e r .  A pyranometer c s s  p laced i n  t h e  p lane  
of t h e  c o l l e c t o r s  and the  t o t a l  i n s o l a t i o n  
was recorded a t  t h e  end of each day a long  
wi th  d a i l y  weather c o n d i t i o n s  and t h e  day- 
t ime high ambient temperatlrre.  

Our approach involved f i l l i n g  t h e  t ank  wi th  

X X - 2x 
Twenty-two copper-constantan thermocouples ,  1 

. - 
witti r h e m o c o u ~ l e  e x t e n s i o n  wire ,  were Fig. 2. Weightcd Mass for Each Thermocouple 



c o l d  w t e r  and measuring t h e  change i n  i t s  
temperature  a s  a  f u n c t i o n  of t ime wi thou t  
drawing water from t h e  tank. Th i s  method 
allowed us t o  determine t h e  change i n  ene rgy  
i n  t h e  t ank  ove r  th i r ty -minu te  i n t e r v a l s  
r e s u l t i n g  from s o l a r  g a i n  and n i g h t t i m e  
s t o r a g e  l o s s e s .  S ince  i n s o l a t i o n  was 
measured on a  d a i l y  b a s i s ,  on ly  a  d a i l y  sys -  
tem e f f i c i e n c y  was c a l c u l a t e d .  

The change i n  i n t e r n a l  energy i n  t h e  t a n k ,  
w i t h  no l o a d ,  r e s u l t s  from s o l a r  g a i n  and 
s t o r a g e  l o s s e s .  By e s t i m a t i n g  s t o r a g e  
l o s s e s ,  s o l a r  energy d e l i v e r e d  t o  t h e  t ank  
could  be e s t ima ted .  F i r s t ,  each thermo- 
coup le  m s  asktuned t o  r e p r e s e n t  a  range of X 
i n  the h o r i z o n t a l  d i r e c t i o n  and a  range of Y 
i n  t h e  v e r t i c a l  d i r e c t i o n  from i t s  p o s i t i o n  
( s e e  Fig. 2 ) .  Then, t h e  equa t ion  f o r  t h e  
change i n  i n t e r n a l  energy based on t h e  t ank  
d i v i s i o n  i n  Fig. 2  and t h e  recorded . tempera- 
t u r e  is: 

where : 

A Q  = Change i n  i n t e r n a l  energy of t h e  
, tank dur ing  a  t ime i n t e r v a l  A t  

Cp 
= 4.187 ~ J / & O C  (1 B t u l l b  F ) ,  spe- 

c i f i c  hea t  of water 

P = 1 gm/mll (62.4 ' l b / f t3 ) ,  d e n s i t y  of 
water  

Ti = Temperature a t  l o c a t i o n  i ( i  = 1 t o  
9)  

ATi = Ti( t  + At) - T i ( t )  

t = Time 

A t  = 30 minutes .  

Note t h a t  T, w i l l  r e p r e s e n t  t h e  h i g h e s t  tem- 
p e r a t u r e  i n  volume 1  and not t h e  ave rage .  
However, T w i l l  read the  c o l d e s t  tempera- 
t u r e  i n  vofvme 9. These e r r o r s  tend t o  can- 
c e l ,  but n e v e r t h e l e s s  w i l l  r e s u l t  i n  over- 
e s t i m a t i n g  s o l a r  energy d e l i v e r e d  t o  t h e  
t ank ,  s i n c e  temperature  s t r a t i f i c a t i o n  w i l l  
be g r e a t e r  i n  the  top s e c t i o n  of the  t ank .  
Temperatures .T2,  T5, and T8 a t  t h e  c e n t e r .  of 
the  tank r ep resen t  a lmost  61% of the  t o t a l  
volume, and they  weight t h e  r e s u l t  
h e a v i l y .  T5 is the  s i n g l e  most i n f l u e n t i a l  

node, r ep resen t ing .  30X of t h e  t ank  volume; 
Temperatures f , T7, and Tg each accoun t  
f o r  l e s s  than 4; ?? t h e  volume. 

S to rage  l o s s e s  cou ld  be c a l c u l a t e d  from 

i f  t h e  t empera tu re  d i f f e r e n c e  between t h e  
wa te r  volume and a t t i c  were known a s  a  func- 
t i o n  of t ime and i f  a  r e l i a b l e  UA ( a r e a  h e a t  
l o s s  c o e f f i c i e n t )  were known. Since  both of 
t h e s e  were unknown, t h e  s t o r a g e  l o s s e s  were 
based on the  change i n  i n t e r n a l .  energy of 
t h e  t ank  a s  a  f u n c t i o n  of t ime dur ing  per-  
i o d s  of no s o l a r  g a i n  i n  t h e  tank. 

The hea t  l o s s  over  t h r e e  c o n s e c u t i v e  t y p i c a l  
c o o l  n i g h t s  averaged 325 k J / h r  
(308 B t u l h r ) .  On on p a r t i c u l a r l y  c  oudy, 
r a i n y  day (3.25 WIm'*day. 286 B tu l f t ' *day)  
t h e r e  was n e g l i g i b l e  s o l a r  g a i n .  The s t o r -  
age  l o s s e s  d u r i n g  t h a t  day averaged 
219 kJ /hr  (208 B t u l h r ) ,  and provided a n  
e s t i m a t e  of daytime s t o r a g e  l o s s e s .  Heat 
l o s s  is  a  f u n c t i o n  of bo th  t ank  t empera tu re  
and a t t i c  temperature .  With i n c r e a s e d  inso -  
l a t i o n ,  bo th  t empera tu res  w i l l  i n c r e a s e .  
T h e r e f o r e ,  our a n a l y s i s  assumes a  daytime 
s t o r a g e  l o s s  of 211 k J / h r  (200 B t u l h r )  . 
I n  t h i s  p a r t i c u l a r  sys tem,  l i q u i d  r e f  r i g e r -  
a n t  can be t r apped  i n  t h e  hea t  exchanger  
because  of i t s  h o r i z o n t a l  i n s t a l l a t i o n .  
Unlike systems wi th  v e r t i c a l  hea t  exchang- 
e r s ,  t h i s  system can l o s e  hea t  from s t o r a g e  
a t  n i g h t  because  of t h e  c o i l e d  h e a t  
exchanger  des ign .  A s  t h e  c o l l e c t o r  tempera- 
t u r e  f a l l s  below the  s t o r a g e  t ank  tempera- 
t u r e ,  s o  does  t h e  system p r e s s u r e ;  l i q u i d  
r e f r i g e r a n t  t rapped i n  t h e  hea t  exchanger  
r e v a p o r i z e s ,  drawing energy from t h e  s t o r a g e  
tank.  The vapor then condenses  i n  the  c o o l  
c o l l e c t o r ,  g i v i n g  up i t s  energy t o  t h e  
environment.  However, t h e  e f f e c t  i s  
s l i g h t .  Assuming t h e  hea t  exchanger is 
f i l l e d  wi th  l i q u i d  r e f r i g e r a n t ,  c a l c u l a t i o n s  
show t h a t  t h e  energy l o s t  m u l d  be on t h e  
o r d e r  of 1X of t h e  t o t a l  energy c o l l e c t e d  
d u r i n g  the  day. 

RESULTS 5-  - 
Our a n a l y s i s  covered s e v e r a l  days  wi th  no 
load on the  tank.  However, t h i s  paper w i l l  
c o n c e n t r a t e  on one p a r t i c u l a r  day of opera- 
t i o n ,  d a y  61 (Mar. 2, 1981).  Day 61 was 
hazy and par  l y  c loudy with a 3  i n s o l a t i o n  
of 15.2 EOl2.day (1337 B t u l f t  *day) and a  
daytime high ambient tempetacure  of 1 2 . 2 " ~  
(54F).  

The tank t empera tu res  shown i n  Fig.  3  fo l low 
a  t y p i c a l  p r o f i l e ;  t he  t empera tu rcs  of t h e  
c o l d e r  p a r t s  of t h e  tank l a g  behind those  of - 

t h e  warmer p a r t s .  Note t h a t  t h e  t empera tu re  
i n  t h e  upper p a r t  of t h e  t ank  r eaches  a  p l a -  



Day 61 
15.2 MJ/m2.day (1337 Btu/ftZ.day) 
Hazy, Cloudy. 
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Fig. 3. Tank Temperatures 

t eau  between 9:34 and 10:04 a.m. This  i s  
caused  by a  pass ing  c l o u d ,  a s  shown i n  
Fig.  4 ,  where the  c o l l e c t o r  o u t l e t  tempera- 
t u r e  drops  7 ' ~  (13F) i n  t h i r t y  minutes.  The 
ga in  i n  i n t e r n a l  energy of t h e  tank r e f l e c t s  
a  drop f o r  t h a t  per iod a s  we l l .  In  g e n e r a l ,  
t he  h o t t e s t  p a r t  of t he  s t o r a g e  tank (TI) i s  
s u b j e c t  t o  much g r e a t e r  swings than t h e  
c o l d e s t  p a r t  (Tg).  This  is  p r i m a r i l y  t h e  
r e s u l t  of v a r i a t i o n s  i n  t h e  c o l l e c t o r  o u t l e t  
t empera tu res .  

A c o l l e c t o r  o p e r a t i n g  on the  p r i n c i p l e  of 
phase change behaves much d i f f e r e n t l y  than  
does  a  conven t iona l  s ingle-phase  c o l l e c -  
t o r .  On day 61, wi th  a  h igh  ambient temper- 
a t u r e  of 12.2 '~  (54F) ,  t h e  c o l l e c t o r  oper- 

a t e d  f o r  3.5 hours  a t  around 60°c (140F).  
Temperature d i f f e r e n c e s  a c r o s s  t h e  c o l l e c t o r  
of 30°c (54F) were not  uncommon. The c o l -  
l e c t o r  i t s e l f  appea r s  t o  s t r a t i f y  s i g n i f i -  
c a n t l y  a s  a  r e s u l t  of t h e  low f low r a t e s  
( e s t i m a t e d  t o  be l e s s  than  .028 k g l s  
( .3 gpm)) . However, t he  l a r g e  t empera tu re  
d i f f e r e n c e  a c r o s s  t h e  c o l l e c t o r  i n  t h i s  c a s e  
may a l s o  be due t o  a  low l e v e l  (below t h e  
t o p  of t h e  a b s o r b e r )  of r e f r i g e r a n t  i n  t h e  
c o l l e c t o r s .  The system does  not  o p e r a t e  
i s o t h e r m a l l y  a s  do hea t  p ipe  system? because  
of t h e  l a r g e  temperature  d i f f e r e n c e  a c r o s s  
t h e  s t o r a g e  tank heat  exchanger and r e s u l -  
t a n t  s e n s i b l e  c o o l i n g ,  of t h e  f l u o r o c a r b o n  
h e a t  t r a n s f e r  f l u i d .  

The @ i n  i n  i n t e r n a l  energy of the  t ank  is  
r e p r e s e n t e d  by the  a r e a  under t h e  curve  and 
above t h e  dashed l i n e  i n  Fig .  5. The s t o r -  
age thermal  l o s s  is r e p r e s e n t e d  by t h e  a r e a  

kJ Btu 

Day 61 Day 62 

. . 
Hazy, Cloudy 
Daytime High 
12.26C (54 F) 

40 

Fig. 4. Collector Temperature 
(West-Most Collector) 

Fig. 5. Change in Internal Energy of Tank 
Due to Solar Gain and Heat Loss 
over Thlrty-Mlriule T ~ I I I ~  Ir lkivbl~ 

under t h e  dashed l i n e  and above the  curve .  
The s o l a r  energy d e l i v e r e d  t o  t h e  s t o r a g e  
t a n k  i s  t h e  change i n  i n t e r n a l  energy and 
energy l o s t  from the  tank dur ing  t h e  day- 
t ime . 



The net  energy ga in  f o r  day 61 amounted t o  
21.2 'MI (20,095 Rtu),  excluding ' s t o i a g  
l o s s e s ,  w i t $  a n  i n s o l a t i o n  of 15.2 W/m 
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(1337 B t u / f t  ), r e s u l t i n g  i n  a  d a i l y  system 
e f f i c i e n c y  of 35%. Wlth tank l o s s e s  assumed 
t o  be 211 k J / h r  (200 Btu lh r )  dur ing  t h e  
seven hours of opera t ion ,  t h e  s o l a r  energy 
d e l i v e r e d  t o  t h e  t ank  i s  22.7 W 
(21,495 Btu) and r e s u l t s  i n  a  system e f f i c i -  
ency of 37%. The s to rage  l o s s  dur ing t h i s  
per iod is  about 79: of the  s o l a r  energy 
de l ive red  t o  the  tank. Storage l o s s e s  from 
t h e  fo l lowing  n i g h t  t o t a l e d  6642 kJ 
(6273.3 Btu) o r  almost 30% of the  c o l l e c t e d  
energy. A daytime o r  evening load p r o f i l e  
would prevent much of t h i s  n i g b t t b  l o s s .  

This  type of, system p e r f o m s  favorab ly  coq- 
pared with  convent ional  SDW s y s t e m  uhlch 
o f t e n  have e f f i c i e n c i e s  of l e s s  than 3% 
( 2 ) .  However, more d e t a i l e d  thermal analy-  
sis is  requ i red  t o  b e t t e r  understand t h e  
opera t ion  of the  system and t o  determine 
design parameters t h a t  w u l d  opt imize i t s  
performance. More knowledge about b o i l i n g  
i n  t h e  co l l ec t .o r ,  vapor t r a n s p o r t ,  and t h e  
heat-exchange mechanim is requ i red .  Ques- 
t i o n s  need t o  be addressed regarding the  
m a t e r i a l  c o m p a t i b i l i t y  and r e f r i g e r a ~ l t  $ tab-  
i l i t y ,  a s  wel l  a s  long-term r e l i a b i l i t y  and 
maintenance, of r e f r i g e r a n t  systems. 

l i f e t i m e .  P r e s e n t l y  t h e r e  a c h  reason t o  
be o p t i m i s t i c  about these  systems, s i n c e  
c a p i t a l  and opera t ing  c o s t s  a r e  lower than 
f o r  a c t i v e  SDW systems; no pumps, c o n t r o l s ,  
o r  solenoid va lves  (and, hence, no p a r a s i t i c  
e l e a t r i c a l  energy use )  a r e  requ i red .  
Becauae fewer .components a r e  r e q u i r e d ,  t h e  
system should be h igh ly  r e l i a b l e . .  . 
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F i n a l l y ,  w need t o  know more about t h e  c o s t  
per un i t  energy provided during the  system's  




